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In this study, a promising relationship between antibacterial zone and radiation attenuation
properties was investigated in Ag2O doped bioactive glasses with a chemical composition of
xAg2Oe20Li2Oe25TeO2-(55-x)B2O3 (wherex¼ 0, 0.5, 1.0, 1.5, and2.0mol%). For this aim,awide-
ranging radiation attenuation characterization procedurewas performed onAg2O substituted
bioactive glasses. The general-purpose Monte Carlo code MCNPX (v.2.7.0) was used to model
bioactive glasses. The mass attenuation coefficients were calculated using a gamma-ray
transmission setup. The coefficients obtained were used to determine other important
attenuation properties. Finally, for particular behaviors, exposure (EBF) and energy absorption
(EABF) build-up factorswere calculated for specific attitudes of Ag2O substitutions in bioactive
glasses during the interaction process. The results showed that there is direct relationship
betweenAg2Osubstitutionamountandradiationattenuationproperties. Inaddition toitswell-
behaviors on inhibition zone against bacterial occurrences, it canbe concluded that increasing
Ag2Owould increase the gamma-ray attenuation properties of studied bioactive glass system.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)..eg (H.M.H. Zakaly), mhm
y Elsevier B.V. This is
).zaid@upm.edu.my (M.H.M. Zaid).
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Bioactive glass is an amorphous structure composed of certain
elements in the human body including silicone, calcium, so-
dium, phosphorous and oxygen [1]. Glass-ceramic and
surface-reactive material based on biomaterials may be clas-
sified as bioactive glass [2]. In last decades, different testing
methods have demonstrated that bioactive glasses are highly
biocompatible. Consequently, their innovative material
properties and biocompatibility in living biological systems
have led them to further use in surgical restoration or
replacement operations as candidate implant materials [3].
The property of bioactivity refers to thematerials' ability to
specifically bind to the bone and strengthen bone structure.
The bioactivity level depends on the material's ability to pro-
vide a regulated and continuous supply of chemical in-
dications to promote cell function and tissue growth.
Chemical composition, crystalline structure and processing
parameters of bioactive substances regulate the rate of
development of new tissues and resorption of graft material
[4]. A bioactive glass generally consists of silica or calcium-
based structure [5]. A bioactive material induces a certain
biological reaction at the material interface leading to a
connection between the tissues and thematerial. On the other
hand, biocompatibility of bioactive glasses is also an impor-
tant issue that needs to be addressed [6]. As third generation
biomaterials, bioactive glasses (BGs) can establish a more
rapid interfacial link between implants and host tissue than
other bio ceramics in the treatment of biological defects [7]. As
other glassy materials, bioactive glasses have also different
types of network formers such as SiO2, B2O3 and P2O5. This
type of network formers can form single component glasses.
However, Ag2O (silver oxide) is known as a promising glass
network modifier with its remarkable biological properties.
Beyond that, some of its antibacterial and anticancer proper-
ties also brought Ag2O to the fore by sparking researchers'
interest. The literature review showed that different types of
studies focused on antibacterial properties of Ag2O against
several bacteria types. In this study, bioactive glasses are
selected from a previous investigation by Naresh et al., [8].
Accordingly, we extended the concept of the fabricated
glasses by determining the gamma-ray attenuation parame-
ters. The concept of the source paper has encouraged us since
the previous study focused on impact fog Ag2O substitution on
antibacterial, optical, structural properties. Since the bioactive
materials have a promising role in medical applications, our
investigation aimed to extend the studied properties by add-
ing the radiation attenuation properties. Its well-known that
any type of internal body material is a candidate to interact
with medical radiation either with diagnostic or with thera-
peutic applications. Considering the use of bioactive glasses in
the body, especially for hard tissues, their interaction with
radiation is of particular importance. The absorption that oc-
curs during the interaction of radiation with tissue directly
affects the quantity of radiation during both treatment and
diagnostic procedures, and closely concerns the possible
clinical results. The antibacterial properties of Ag2O have also
raised the question of what kind of attitudes might exhibit
during its use, especially when interacting with ionizingradiation. Therefore, this study aimed to investigate the
variation of attenuation properties depending on Ag2O addi-
tive amount. Since the initial results provided some remark-
able advantages of Ag2O additive in terms of antibacterial
zone, attenuation behaviors of glasses with different rein-
forcement amount are worth investigating in detail. Following
this concern, the wide-ranging radiation attenuation proper-
ties such as linear (LAC) and mass (MAC) attenuation co-
efficients, effective atomic numbers (Zeff), mean free path
(mfp), effective atomic weight for absorption, effective con-
ductivity at 300 K for attenuation, half value layer, exposure
(EBF) and energy absorption (EABF) build-up factors of some
Ag2O-doped bioactive glasses were investigated by using
Monte Carlo method. The antibacterial zone's synergistic or
semi-synergistic effect on radiation attenuation properties
will be examined. For diagnostic and therapeutic radiation
energies, the attenuation properties of various Ag2O additive
ranges that exhibit antibacterial properties will be discussed
separately. Thus, examining the changes in radiation inter-
action properties as a function of the rate of Ag2O additive
and, in particular, tracking certain behaviors in certain energy
ranges will contribute significantly to the medical radiation
literature.2. Methods and Materials
A series of bioactive glasses reinforced by Ag2O additive with a
chemical composition of xAg2Oe20Li2Oe25TeO2-(55-x)B2O3
(where x ¼ 0, 0.5, 1.0, 1.5, and 2.0 mol%) was investigated. The
investigated glasses have been obtained from a previous
successful investigation [8] on the antibacterial, optical,
structural and impedance investigation of Ag-0, Ag-0.5, Ag-1,
Ag-1.5, and Ag-2 glasses. This study, on the other hand, is a
continuation and aims to examine the relationship between
the existing outcomes on antibacterial zone improvements
and radiation attenuation properties. The technical details of
radiation attenuation properties and its characterization steps
will be discussed with their technical details as well as high-
lights. In addition to Monte Carlo simulations, Py-MLBUF a
promising web-based tool for determination of radiation
attenuation properties for radiological protection and dosim-
etry purposes [9].
Monte Carlo simulations: To determine the mass attenu-
ation coefficients of studied bioactive glasses, general purpose
Monte Carlo code entitled MCNPX (version 2.7.0) [10] was
successfully utilized. Fig. 1 shows the 3D view of MCNPX
simulation setup for gamma ray transmission calculations. To
begin, MCNPX input data was created using the key compo-
nents such as cell cards, surface cards, and source data. In a
Lead (Pb) shield block, a point isotropic sourcewas discovered.
The chemical concentrations (wt. percent) and samples den-
sities (g/cm3) of the bioactive glass specimens were then
modelled [8]. The cylindrical geometry was used to create the
outline of the glass specimen with 5 cm radius. Accordingly,
the appropriate material properties were filled in along the
edges of the constructed surfaces. (i.e. elemental mass frac-
tion and material density) in cell card. The elemental mass
fractions of investigated bioactive glasses can be seen from
Table 1. It should be noted that elemental definition of glass
Fig. 1 e 3-D view of MCNPX simulation setup for gamma ray transmission calculations obtained from MCNPX Visual Editor
(visedX22S).
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interaction (IMP: p, e) for photon and electron interactionswas
calculated after the initial stage of cell description. In the
MCNPX code, this can be described as a variance reduction
technique. On the other hand, on the other side of the bioac-
tive glassmaterial, a detector field (F4 TallyMesh) for counting
attenuated (secondary) gamma rays was found. The average
photon flux in a point or cell can be detected using this form of
tally mesh. A Pb block shield was used to cover the detector
field in order to capture dispersed gamma rays and improve
detection performance. In the simulation, each run was
repeated for 108 particles for each bioactive glass sample at
different photon energies as shown in Table 2. The uncer-
tainty of MCNPX was less than 1% for all simulations. One can
find the details about the calculation procedures from our
previous publications [11e16].3. Results and discussion
Firstly, gamma attenuation properties of bioactive glasses
reinforced by Ag2O additive were evaluated using the Monte
Carlo method illustrated by the basic transmission geometry
in Fig. 1. Specifically, we estimated the gamma photons
number passed a thin slab of the studied bioactive glasses.
Thereafter, a mathematical approach namely BeereLambert
law was utilizing to determine the linear attenuation co-
efficients (LAC) of the studied glasses. The variation of LAC
with the energy (up to 15 MeV) for the bioactive glasses under
study is shown in Fig. 2. Clearly, at both high and low energies,
themaximum LACwas noted for the glass sample label as Ag-Table 1 e Elemental mass fractions (wt.%) of investigated
bioactive glass samples.
Sample Li B O Te Ag
Ag-0 0.03299 0.14129 0.44671 0.37901 0
Ag-0.5 0.03267 0.13867 0.44057 0.01269 0.37540
Ag-1 0.03236 0.13610 0.43454 0.02515 0.37185
Ag-1.5 0.03206 0.13358 0.42863 0.03737 0.36837
Ag-2 0.03176 0.13110 0.42282 0.04936 0.364950. For all of the studied glasses (Ag-0, Ag-0.5, Ag-1, Ag-1.5, and
Ag-2), the LAC values showed a decrease behavior as the en-
ergy increased. This reduction of LAC was a very sharp in the
low energy region (below 2MeV), while it was a soft in the high
energy region (above 2 MeV). Furthermore, the highest LAC
was observed at 15 keV with the values of 72.5, 61.1, 63.3, 66.1,
and 68.7 for the bioactive glasses of Ag-0, Ag-0.5, Ag-1, Ag-1.5,
and Ag-2, respectively. The minimum LAC was noted at
15 MeV with the values of 0.0930, 0.1313, 0.1324, 0.1335, and
0.1357 cm1 for all the bioactive glass samples, respectively.
The variation of LAC with the energy is attributed to the par-
tial interactions of photonwith absorbing target. For example,
the photoelectric effect (PE) is the dominant interaction at the
low energies, the Compton scattering (CS) dominates in the
medium energies, and the pair production is the dominating
process at the high energies [16]. Before going deep in dis-
cussion for the gamma attenuation properties of the studied
bio glass system, we shall check the accuracy of the obtained
simulation results for LAC. In this regards, the LAC values
were converted into MAC values which can be compared with
the outcomes of the XCOM software (theoretical calculation).
Table 2 shows a comparison between the MAC values ob-
tained from MCNP and XCOM for all of the studied glasses.
Generally, the maximum Dev.% between MCNP and XCOM
was less than 1.0% and this confirms our obtained results in
the present work for the investigated bioactive glasses. The
MAC of the present bioactive glasses at different concentra-
tions of Ag2O is depicted in Fig. 3. It is very clear that the
general behavior ofMAC is similar to that of LAC, however, the
MAC as independentedensity parameter is more useful than
LAC for describing gamma attenuation of materials [17e20].
The highest MAC of the present glasses can be observed at
15 keV with the values of 20.1, 16.5, 17.0, 17.5, 17.9 cm2/g for
the bioactive glasses of Ag0, Ag0.5, Ag1, Ag1.5, and Ag2,
respectively. In addition to demonstration of MAC values, a
detailed comparison was done between the zone of inhibition
(mm) for Samonella and MAC values at 0.015 MeV. The pre-
vious results showed that molar increment of Ag2O in bioac-
tive glass sample increased the zone of inhibition (mm) [8].
However, our results showed that Ag2O additive amount has
also a direct effect on mass attenuation coefficients. The
synergistic behavior of MAC and zone of inhibition (mm) with
Table 2 e Mass attenuation coefficients of investigated bioactive glass samples obtained from XCOM and MCNPX.
Energy Ag-0 Ag-0.5 Ag-1 Ag-1.5 Ag-2
XCOM MCNPX XCOM MCNPX XCOM MCNPX XCOM MCNPX XCOM MCNPX
0.015 20.1420 20.2456 16.5360 16.6236 17.0140 17.1621 17.4830 17.5124 17.9440 17.625
0.02 9.3079 9.3154 7.6185 7.6326 7.8390 7.84122 8.0552 8.0824 8.2673 8.2682
0.0263 4.4567 4.4654 19.5700 19.6123 19.5230 19.5245 19.4780 19.5101 19.4330 19.4426
0.03 3.1896 3.1995 14.0700 14.1230 14.0350 14.0952 14.0010 14.0754 13.9670 13.9710
0.04 7.9725 7.9854 6.8590 6.8621 7.0532 7.1012 7.2437 7.3024 7.4305 7.4314
0.05 4.4634 4.4521 3.8129 3.8263 3.9203 3.9326 4.0256 4.0524 4.1289 4.1293
0.0595 2.8381 2.8399 2.4137 2.4230 2.4808 2.4816 2.5465 2.5514 2.6111 2.6134
0.06 2.7805 2.7921 2.3646 2.3710 2.4302 2.4328 2.4946 2.4953 2.5578 2.5582
0.08 1.3340 1.3354 1.1353 1.1406 1.1650 1.1674 1.1942 1.2016 1.2227 1.2230
0.1 0.7758 0.7801 0.6665 0.6671 0.6824 0.6851 0.6980 0.7046 0.7133 0.7136
0.15 0.3283 0.3294 0.2929 0.2932 0.2979 0.3001 0.3028 0.3054 0.3076 0.3079
0.2 0.2048 0.2051 0.1896 0.1912 0.1918 0.1924 0.1939 0.1941 0.1960 0.1962
0.3 0.1284 0.1290 0.1245 0.1248 0.1251 0.1263 0.1257 0.1263 0.1263 0.1265
0.4 0.1020 0.1024 0.1010 0.1014 0.1012 0.1016 0.1015 0.1024 0.1017 0.1025
0.5 0.0882 0.0896 0.0883 0.0886 0.0884 0.0891 0.0884 0.0898 0.0885 0.0899
0.6 0.0793 0.0798 0.0798 0.0802 0.0798 0.0803 0.0798 0.0812 0.0798 0.0813
0.662 0.0751 0.0763 0.0757 0.0760 0.0757 0.0761 0.0757 0.0763 0.0757 0.0764
0.8 0.0677 0.0684 0.0685 0.0689 0.0685 0.0691 0.0685 0.0689 0.0684 0.0688
1 0.0601 0.0623 0.0610 0.0615 0.0609 0.0616 0.0609 0.0612 0.0608 0.0612
1.173 0.0551 0.0563 0.0560 0.0564 0.0560 0.0565 0.0559 0.0561 0.0559 0.0563
1.333 0.0516 0.0524 0.0524 0.0531 0.0524 0.0532 0.0523 0.0526 0.0523 0.0528
1.5 0.0485 0.0493 0.0494 0.0496 0.0493 0.0496 0.0493 0.0495 0.0492 0.0497
2 0.0422 0.0436 0.0429 0.0432 0.0429 0.0433 0.0428 0.0432 0.0428 0.0433
2.506 0.0381 0.0392 0.0387 0.0390 0.0387 0.0392 0.0387 0.0391 0.0387 0.0393
3 0.0354 0.0366 0.0359 0.0363 0.0360 0.0364 0.0360 0.0362 0.0360 0.0363
4 0.0319 0.0325 0.0324 0.0326 0.0324 0.0325 0.0324 0.0325 0.0325 0.0327
5 0.0299 0.0306 0.0303 0.0309 0.0303 0.0312 0.0304 0.0309 0.0305 0.0310
6 0.0286 0.0291 0.0290 0.0292 0.0291 0.0295 0.0292 0.0295 0.0293 0.0296
8 0.0274 0.0279 0.0277 0.0281 0.0278 0.0283 0.0279 0.0282 0.0281 0.0283
10 0.0269 0.0274 0.0272 0.0275 0.0274 0.0276 0.0275 0.0276 0.0277 0.0278
15 0.0271 0.0276 0.0273 0.0277 0.0275 0.0279 0.0278 0.0280 0.0280 0.0282
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increment trend in MAC values was reported from Ag-0 to Ag-
2 sample. One can say that Ag2O, as an additive material type
for improvement of antibacterial zone of inhibition, can be a
candidate material for mass attenuation coefficient improve-











































Fig. 2 e Variation of linear attenuation coefficients (LAC) of
Ag0, Ag0.5, Ag1, Ag1.5 and Ag2 bioactive glasses as a
function of incident photon energy (MeV).The MFP is an important term for gamma interaction cal-
culations to describe the attenuation mechanism through
materials [21e23]. The MFP of the present bioactive glasses as
a function of energy (wide energy range up to 15 MeV) is
depicted in Fig. 5. Obviously, theMFP values start very small at






























Fig. 3 e Variation of mass attenuation coefficient (MAC) of
Ag0, Ag0.5, Ag1, Ag1.5 and Ag2 bioactive glasses as a
function of incident photon energy (MeV).









 Mass attenuation coefficients (cm2/g)at 0.015 MeV
 Zone of innhibition (mm) for Salmonella
Fig. 4 e A comparative demonstration between
antibacterial zone of inhibition and mass attenuation




























Fig. 6 e Variation of effective atomic number (Zeff) of Ag0,
Ag0.5, Ag1, Ag1.5 and Ag2 bioactive glasses as a function
of incident photon energy (MeV).
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MFP values of the present glasses increased swiftly reaching
the value of 10.2 cm at 15MeV for the bioactive glass sample of
Ag-0. Such behavior is standard and well-known for the
photon interaction with matter [24]. Effective atomic number
(EAN)which associatedwith the partial attenuation process of
photons, is useful to test suitability of a material for gamma
applications [25e27]. Over a wide range of energies from
15 keV to 15 MeV, the EAN of the present bioactive glasses as a
function of energy is depicted in Fig. 6. We found that the
maximum EAN was noted at 40 keV with the value of 46.5 for
the Ag-0 bioactive glass, however, the maximum EAN values
for the remaining samples were observed at 26 keV with the
value around 44.0. Effective atomic weight (Aeff) is a key
parameter to understand the interaction process between the
























Fig. 5 e Variation of mean free path (mfp) of Ag0, Ag0.5,
Ag1, Ag1.5 and Ag2 bioactive glasses as a function of
incident photon energy (MeV).to EAN, effective atomic weight of compound or composite
specimen can be explained by a single-value [28]. This concept
has inspired us to consider the mechanism of radiation
interaction of bioactive glasses with atomic weight.
Fig. 7 shows the variation of Aeff against photon energy
(MeV). We found that the effective atomic weight (Aeff) varied
from 20.5281 g/mol to 21.3220 g/mol. Consequently, the lowest
Aeff was reported for Ag-0 sample whereas the highest for Ag-
2 sample. Effective conductivity is known as amaterial feature
that explains the capability to conduct heat. Fig. 8 displays
that effective conductivity values of the studied bioactive
glasses were changed with incoming photon energy. On the
other hand, effective conductivity at 300 K for attenuation is
increased with Ag20 substation amount in the bioactive glass.
Obviously, it can be seen from Fig. 8 that Ag-2 sample with
highest level of Ag2O concentration additive has maximum
conductivity almost at all energy values. It can be said that,
increasing Ag2O concentration additive can also be useful for



































Fig. 7 e Variation of effective atomic weight of Ag0, Ag0.5,
Ag1, Ag1.5 and Ag2 bioactive glasses as a function of
incident photon energy (MeV).




































Fig. 8 e Variation of effective conductivity of Ag0, Ag0.5,
Ag1, Ag1.5 and Ag2 bioactive glasses as a function of
incident photon energy (MeV) at 300 K.
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rameters of different types of glasses (bioactive glasses,
bioactive glasses and bioceramics) will change (increase or
decrease) by substituting the concentrations of constituents
oxides of glass [29e31]. For example, the substitution of heavy
oxide by light one leads to decrease the attenuation ability of
glass and via versa. Therefore, in the present work, we found















































































































Fig. 9 e Variations of exposure buildup factor (EBF) of Ag0, Ag0
incident photon energy (MeV) at different mean free path valuesubstitution of B2O3 by Ag2O. In the medical applications,
knowing the gamma buildup factors, especially the one
associated with the exposure rate, gives a detailed informa-
tion about absorbed dose in the medium.
Separately for every bioactive glass specimen, the expo-
sure buildup factor (EBF) over a wide range of the penetration
depths varying from 0.5 to 40 mfp were calculated and then
the obtained results are plotted in Fig. 9 (aee). According to
these figures, there are three explicit regions of EBF versus
photon energy at the different penetration depths up to 40
mfp. Such regions are basically relevant to the partial photon
interactions with matter. In the first region, the appeared
peaks due to the photoelectric phenomenon near the binding
energy of the high atomic number elements. Thereafter, the
region of Compton phenomenon where the EBF values were
almost constant. Finally, the third region is relevant to the pair
production where the EBF showed a slight increase due to the
absorption processes. The EBF for all the present bioactive
glasses at 10 mfp and for energies up to 15 MeV is shown in
Fig. 10. This figure exhibited the influence of Ag2O on the EBF
and then on the absorbed dose. Such that the sample Ag-2
(high Ag2O concentration) possesses the highest EBF among
the studied bioactive glasses. For example, we found that at 10
mfp and incident energy of 1 MeV the EBF were 11.0691,
12.1098, 12.2364, 11.6638, and 11.7685 for the bioactive glasses











































































































.5, Ag1, Ag1.5 and Ag2 bioactive glasses as a function of
s (1e40 mfp).
Fig. 10 e Variations of exposure buildup factor (EBF) of Ag0,
Ag0.5, Ag1, Ag1.5 and Ag2 bioactive glasses as a function
of incident photon energy (MeV) at 10 mfp.
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Hench et al. discovered bioactive glasses in 1969. They are a
class of reactive materials capable of bonding to mineralized
bone tissue in a physiological environment. In the biomedical
sector, bioactive glasses are commonly used. Initially, bioac-
tive glasses were used in the form of solid pieces to replace
small bones in middle ear surgery. Later, several applications
of bioactive glasses, including the dental region, have been
suggested. Recent years have seen a surge in interest in
bioactive glasses and their potential applications in tissue
engineering and regenerative medicine. The extensive appli-
cations of bioactive materials in the medicine have encour-
aged us to perform a study on some bioactive samples that
previously investigated in terms of Ag2O substitution and
antibacterial properties. Accordingly, a promising relationship
between antibacterial zone and radiation attenuation prop-
erties was investigated in Ag2O doped bioactive glasses with a
chemical composition of xAg2Oe20Li2Oe25TeO2-(55-x) B2O3
(where x; 0-0.5-1-1.5 and %2 mol). A previous investigation
was used for comprehensive investigation and potential
synergistic effect between the antibacterial zone improve-
ments and radiation attenuation properties depending on
Ag2O additive amount. The importance of bioactive glasses for
medical purposes is apparent in the literature. Their prom-
ising properties and wide-range utilization aims in human
body gives them a well-deserved reputation as a biomaterial.
The previous results showed that Ag20 is a superb additive
type to increase the antibacterial zone against some types of
bacteria. Considering the obtained results in our investigation,
it can be concluded that Ag20 has also a direct impact on ra-
diation attenuation properties on bioactive glasses. It is and
obvious fact that bioactive glasses can be used for replace-
ment of biological structures. Therefore, it is important to
know their physical properties by linking with their me-
chanical and bioactive properties. In addition to its well-
behaviors on inhibition zone against bacterial occurrences, itcan be concluded that increasing Ag20 would increase the
gamma-ray attenuation properties of studied bioactive glass
system. However, further efforts are recommended to see the
availability, limitations, advantages and disadvantages of
maximum Ag20 additive amount in bioactive glass structure.Data availability statement
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